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GENERAL INTRODUCTION 
Nitrogen oxides are believed to exert primary chemical 
control over the content of ozone (0^) in the stratosphere 
(Crutzen, 1970, 1972) through the catalytic cycle 
NO + O3 - NO2 + O2 
NOg + 0 - NO + O2 . 
Formation of the nitric oxide (NO) in the stratosphere 
(Crutzen, 1971) is thought to occur primarily as a result of 
the reaction of nitrous oxide (N^O) with atomic oxygen (0(^D)) 
NgO +(0(^D))- NO + NO 
Production of atmospheric N2O in turn is believed to occur 
largely as a result of microbiological denitrification and 
nitrification processes at the earth's surface (see Hahn and 
Junge, 1977; McElroy et al., 1977). 
International concern has been expressed that increased 
use of nitrogen fertilizers will increase the atmospheric con­
tent of N2O and thereby lead to both partial destruction of 
the stratospheric O3 protecting life on earth from harmful 
solar ultraviolet radiation (Johnston, 1972; Council for 
Agricultural Science and Technology, 1976; Crutzen, 1976; 
Liu et al., 1976; McElroy et al., 1976; Sze and Rice, 1976) 
and changes in the earth's climate (Wang et al., 1976; Yung 
et al., 1976)o This concern has stimulated research to obtain 
measurements of NgO transfer across the soil-atmosphere inter­
face. 
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A suitable method for use in assessing emissions of NgO 
from soils must be readily adaptable to the diverse soil and 
environmental conditions that are likely to be encountered in 
the field. It is important that the method have only minimal 
influence upon the natural gaseous exchange processes between 
the soil and the atmosphere, i.e., molecular diffusion and 
mass flow, and thereby should permit accurate and precise 
assessment of NgO emissions that are spatially and temporally 
variable over soils (Bremner and Blackmer, 1978b). 
Micrometeorological methods have been used successfully 
to assess emissions of CO2 (Verma and Rosenberg, 1975) and 
NHg (Denmead et al., 1976) from soils. These methods have 
the principal advantage in that they do not affect the natural 
environment in the area under study, and because of this, they 
should be considered for use in research to assess NgO emis­
sions from soils. Reliable use of these methods for such re­
search is predicated upon having the technology to detect 
significant vertical gradients of NgO concentration in the 
surface layer of air above the soil. Results from recent 
studies (Bremner and Blackmer, 1978b; Matthias et al., 1979) 
have shown that it is possible to detect these gradients fre­
quently in the early hours of the morning using a precise gas 
chromatographic technique (Blackmer and Bremner, 1977, I978a) 
to analyze the NgO content of air samples collected at dif­
ferent heights above the soil. These results indicate, 
however, that the ability to detect these gradients is more 
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dependent upon the stability of the surface layer than on the 
rate at which N2O is evolved from the soil area under study. 
Therefore, micrometeorological methods appear to have only 
limited application in research to assess NgO emissions from 
soils. 
A second approach involves the use of Pick's law of 
diffusion to calculate the N2O flux within the soil profile. 
The soil profile methods (Burford and Stefanson, 1973; 
Rolston et al., 1976) require the determination of the verti­
cal gradient of N2O concentration in the soil atmosphere near 
the soil surface and the diffusion coefficient for N2O in the 
soil. Both quantities are difficult to accurately determine 
under field conditions, in fact, Burford and Stefanson (1973) 
reported that estimates of NgO emissions can be subject to 
very large errors due to inaccuracies in determining the 
diffusion coefficient. Likewise, the requirement of having 
soil-atmosphere sampling equipment preinstalled in the soil 
restricts the use of these methods to only a limited number of 
soil areas, the NgO emission from which may or may not be 
representative of the N2O emissions from the field as a whole. 
A third approach involves the installation of a chamber, 
or enclosure, over the soil surface to collect soil-released 
gases from a soil under study. Chamber methods have been 
used extensively to assess soil-atmosphere gas-transfer rates 
for several gases such as water vapor (Sellers, 1964), 
radon-222 (Kraner et al., 1954; Pearson et al., 1965), carbon 
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dioxide (Kanemasu et al., 1974), ammonia (McGarity and Raja-
ratnam, 1973; Kissel et al., 1977), nitric oxide (Galbally and 
Roy, 1978) and NgO (Schû'tz et al., 1970; Burford and Hall, 1977; 
McKenney et al., 1978; Ryden et al., 1978). Basically, these 
studies have involved the use of chambers that either com­
pletely enclosed an air volume above the soil or were partly 
open to continual artificially induced air flow across the soil 
surface. These two types of chamber systems can be referred 
to as closed chambers and open chambers. In closed chamber 
systems, N2O emission rates are determined from the observed 
NgO concentration changes as a function of time. For the open 
chamber systems, the difference between the NgO concentrations 
in the air entering and that leaving the chamber reflects the 
magnitude of the N2O emission rate from the soil area under 
study. 
Because of the limitations of the micrometeorological 
and soil profile methods, the chamber methods appear to offer 
the most satisfactory approach to assessing NgO emissions from 
diverse soils. However, installation of a chamber over the 
soil surface may affect the exchange of N2O between soil and 
atmosphere through attenuation of the natural air turbulence 
above the soil (Lemon, 1977). In addition, diffusion of NgO 
out of the soil may be affected by the buildup of NgO concen­
tration in the air within the chamber (Rolston and Broadbent, 
1977)0 Changes in soil and air temperatures within the cham­
ber may affect not only the exchange processes releasing NgO 
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from the soil» but also the microbiological processes respon­
sible for generating N2O in the soil. Another factor to be 
considered in the use of open-chamber systems is the possi­
bility that the air flow through the chamber may cause pres­
sure deficits within it, thereby inducing mass flow through the 
the soil atmosphere and into the chamber (Schiftz et al., 1970j 
Kanemasu et al., 1974). However, recent improvements in de­
sign and operation of open"chamber systems (Ryden et al., 
1978) appear to have minimized this possible source of mea­
surement error. 
The overall objective in this dissertation research was 
to develop valid chamber methodology suitable for use in re­
search to assess the contribution of soils to atmospheric N2O 
and the effects of nitrogen fertilizers on NgO emissions from 
soils. This dissertation describes the chamber methods de­
veloped, the operation of these methods under field conditions, 
and results of testing performed to evaluate the validity of 
these methods. It was determined that through careful selec­
tion of chamber materials of construction and proper design 
and use of the chamber, the methods developed have only mini­
mal effects upon environmental conditions and gaseous exchange 
processes within the chamber. 
Explanation of Dissertation Format 
This dissertation consists of a general introduction, 
four separate manuscripts (parts), a general summary and 
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conclusions, literature cited, and acknowledgments. The 
Ph.D. candidate, Allan Dean Matthias, is or will be the 
senior author on publications derived from the four parts. 
A journal article derived from Part I, coauthored with Dr. 
Douglas N. Yarger and Robert S. Weinbeck, has been pub­
lished in Geophysical Research Letters, Volume 5, pages 
765 to 768, 1978, A journal article derived from Part IV, 
coauthored with Drs. Alfred M. Blackmer and John M. Bremner, 
has been submitted to Geophysical Research Letters for review. 
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PART I. A NUMERICAL EVALUATION OF CHAMBER METHODS 
FOR DETERMINING GAS FLUXES 
8 
INTRODUCTION 
Research involving the use of chambers placed over field 
soils to measure the gas transfer across the soil-atmosphere 
interface has received considerable emphasis the past few 
years. Numerous gas-transfer studies have been made with 
several environmentally important gases such as water vapor 
(Sellers, 1964), radon-222 (Pearson et al., 1965), various 
carbon species (Kanemasu et al., 1974; Kucera and Kirkham, 
1971; Witkamp, 1969), and nitrogen species (McGarity and 
Rajaratnam, 1973; Burford and Hall, 1977). Generally, these 
and other similar studies have involved the use of chambers 
that either completely enclose a soil area or are partly open 
to continual artificially induced air flow across the soil 
surface. The former we refer to as closed chambers, and the 
latter as open chambers. In closed-chamber systems, gas trans­
fer rates are deduced from measured concentration changes as 
a function of time. For the open chambers, the difference 
between the gas concentrations in the air entering and that 
leaving the chamber reflects the magnitude of the transfer • 
rate. 
An inherent drawback of both systems is that perturbations 
of the natural gas concentration profile in the soil occur as 
a result of concentration changes in the chamber. With the 
closed chamber, the time rate of change of gas concentration 
should be evaluated as soon as the chamber is placed on the 
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soil surface. Because of precision restraints in the gas-
concentration-measurement technique, this may not be feasible. 
Thus, the time period of gas collection must be sufficient to 
allow for measurable gas accumulation. Similarly, the gas 
concentration change across the length of the open chamber 
must be of sufficient magnitude to allow precise measurement 
but not too large to perturb significantly the gas concentra­
tion profile of the soil. 
Previous criticisms of chamber techniques involve their 
influence on natural air turbulence and on natural soil and 
air temperatures (Beauchamp et al., 1978; Lemon, 1977). We 
ignore the possibility of any mass flow due to turbulence-
induced pressure fluctuations, as has been shown to occur 
under certain natural (Kimball and Lemon, 1971) and artificial 
conditions (Kanemasu et al., 1974; Mogensen, 1977). In this 
article, we restrict ourselves to a study of the perturbation 
effects of the chambers on the soil gas profile, and of the 
subsequent errors in the flux estimate. 
We have carried out relatively simple numerical simula­
tions of the two-dimensional diffusion of nitrous oxide (NgO) 
from homogeneous soil into cylindrical closed chambers and a 
rectangular open chamber. The simulation is done for NgO 
because of the current interest in measuring the naturally oc­
curring flux of this gas. Suitable extensions of these re­
sults may be applied to other soil gases. 
10 
METHODS 
The two-dimensional linear equation describing the 
diffusion of gas in a uniform soil is given by equation 1. 
TTC(x,z,t) = D{^-TC(x,z,t)+—rC(x,z,t)]+P (l) 
where C(x,z,t) is the gas concentration (gm/cm ) of the soil 
air at the horizontal and vertical position (x,z) and time 
(t). D is the constant gas diffusion coefficient (cm /s), and 
O 
P is the gas production or destruction rate (gm/cm /s). For 
all results of calculations presented here, we have assumed 
P to be zero in both space and time. The actual distribution 
of NgO sources and sinks in the soil may be extremely complex 
and are not known. (Note that, for convenience, we express 
the NgO concentration throughout this section as a mixing 
ratio by volume; e.g., ppbv.) 
Equation 1 is solved by using the Alternating-Direction 
Implicit (ADI) method (Ames, 1970). The ADI method is a two-
step scheme producing a tridiagonal system of linear algebraic 
equations after each half step. It also is unconditionally 
stable and has a second-order truncation error in both time 
and space. Because of the unconditional stability of the 
method, the choice of the space and time increments was some­
what arbitrary. In all computations, we selected the spatial 
increments (AX, AZ) to be 0.5 cm. Tests demonstrated less 
than a 1% loss of accuracy when the time step At was doubled 
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from 30 s to 60 s. All computations presented here were made 
with a 60-s time step. Computations were done on both square 
and rectangular grid fields, which represented a vertical 
soil plane. A 30 by 30 point mesh and a 410 (horizontal) by 
20 (vertical) mesh were used in the closed and open chamber 
studies, respectively. 
Mixed boundary conditions were used for both types of 
chambers. The side boundaries were specified for all time 
as the initial steady-state concentration profile values. The 
lower boundary value was arbitrarily chosen to be constant 
at 1200 ppbv and simulated an upward flux into the grid field 
from a source region that is constant over the measurement 
period. The initial condition for both the open- and closed-
chamber problems was a steady-state solution to 1 with a 
constant upper boundary value of 300 ppbv. 
The top boundary conditions differed for the two flux-
measurement systems. In both instances, however, points 
exterior to the domain of the chamber are maintained at the 
ambient air concentration simulating a well-mixed atmosphere. 
This study assumed the ambient NgO concentration to be 300 
ppbv. The closed-chamber boundary condition is given by the 
flux relation 2 
H # = . (2) 
H is a geometry factor defined as the ratio of the chamber 
volume to the enclosed soil area having the units of cm. For 
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the cylindrical closed chamber, H is simply the height, 
â C is the time rate of change of the chamber concentration. 
The righthand side of 2 is the flux per unit area into the 
chamber. We assumed a uniform concentration in the chamber 
calculated from averaging the newly computed C(x,l) values 
across the chamber domain. In this study, the domain extended 
from point 7 through 24 in the x-direction. 
The open-chamber boundary condition for the top grid row 
is given by the flux relation 
A (Cf-Ci) = D ^  C(x,0,t) . (3) 
Q is the volume air flow rate (cm /s) through each volume 
element of the chamber. A volume element is defined as the 
height of the chamber times the length. Ax, and width (1 cm). 
A is the base area of the volume element, and (C^-C^) is the 
concentration difference between adjacent grid points. The 
righthand side of 3 is the average flux into the volume ele­
ment. Equation 3 is solved for each top point of the open-
chamber domain at each full time step. The domain extends 
from point 3 to 403 in the x-direction. The concentration 
at the chamber entrance is maintained at 300 ppbv. Itera­
tions continue until the profile converges to a new steady 
state. 
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RESULTS AND DISCUSSION 
Simulations of the effect of the closed chamber on NgO 
transfer within the soil were made for several geometry fac­
tors. Larger values of H correspond to greater volume-to-
surface-area ratios. Figure 1 shows the gas concentration 
within the chamber as a function of time after placement on 
the surface for H values of 5, lO, 15, and 30 cm. Clearly, 
the smaller chambers show a more rapid concentration increase 
per unit volume and, thus, a more rapid feedback to the soil. 
The initial flux per unit area was 0.118 x 10 g-N/cm^/s. 
This flux value was selected as representative of preliminary 
field data obtained on Huntsville silt loam soil near Ames, 
Iowa, by using both closed and open chambers. For larger H 
values, the departure from a linear rate of concentration in­
crease is significantly less. 
The open-chamber operation also was simulated by the two-
dimensional diffusion model with top boundary condition de­
scribed by equation 3. In addition to presenting closed-
chamber calculation results. Figure 1 shows the calculated 
concentration at the exit-flow end of the open chamber as a 
function of time since placement for 2 and 8 cm^/s volume flow 
rates. The rapid approach to steady-state concentration is in 
O 
evidence for the Q = 8 cm /s curve. Calculations of the flux 
per unit area from equation 3 using inlet and exit concentra­
tions (from the Q = 8 cm^/s curve) after steady state is 
Figure 1. Calculated closed-chamber concentration vs time 
(solid line) for several chamber geometry factors 
(H)j open-chamber curves (dashed line) are given 
for Q = 2 and 8 cm3/s 
CHAMBER CONCENTRATION (ppbv) 
H 
ai 
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reached underestimate the initial value of 0.118 x 10 
gm-N/cm /s by about 5%. This undoubtedly is an underestimate 
for the real chamber inasmuch as sideways diffusion perpen­
dicular to the plane of the grid field is ignored in the model 
calculations. 
The influence of the closed chamber on the NgO soil pro­
file is shown in Figure 2 where the concentration change from 
the initial condition is shown as a function of depth beneath 
the chamber. The changes are shown for an H = lO-cm chamber 
at times of 10 and 20 min after chamber placement. 
Ultimately, this study must be related to actual field 
measurements. To that end, preliminary closed-chamber data 
were collected over both land and water surfaces during 1977. 
A cylindrical metal chamber, lO-cm tall by 57-cm diameter, 
was used. Chamber air samples of lO ml were withdrawn and 
analyzed for NgO content by using electron-capture gas 
chromatography. Representative field data collected from 
agricultural fields and small ponds in the Ames area are 
presented in Figure 3. Although preliminary, these data 
qualitatively show the nonlinearity of the rate of concentra­
tion change as predicted. The curve for H = 10 cm and a flux 
per unit area of 0.118 x 10 gm-N/cmVs obtained from the 
model is shown for comparison. 
For field measurements when soil profiles or diffusion 
coefficients are not known, one must estimate the flux solely 
from observed concentration changes. Ideally, one would like 
Figure 2. Isolines of soil N2O concentration change (ppbv) 
from initial conditions at 10 (dashed lines) and 
20 (solid lines) min for a closed chamber with 
an H = 10 cm; the grid-point spacing is 0.5 cm; 
because of symmetry, only the left half of the 
grid field is shown; also, only the upper 22 
rows of the field are presented 
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ATMOSPHERE 
80 ppbv SOIL 
Figure 3. Observed N2O concentration vs time for several 
field trials obtained with an H = 10 cm closed 
chamber on both soil and water surfaces; for 
comparison, the solid line denotes the model 
prediction for H = lO cm (see Figure l); iden­
tical symbols denote data for the same trial 
CLOSED CHAMBER CONCENTRATION (ppbv) 
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to determine the flux in the absence of the chamber. This 
is equivalent to evaluating the slope of the curve of concen­
tration in the closed chamber versus time at t = 0 min. Table 
1 presents the results of three curve-fitting procedures for 
estimating the initial slope of the closed chamber curves in 
Figure 1 where the steady-state flux per unit area is 0.118 x 
10 gm-N/cm^/s. Linear regression underestimates the value 
by about 55% for the smallest chamber and by about 10% for 
the largest chamber, H = 30 cm. Quadratic regression results 
in estimates that are significantly better than the linear 
values, ranging from 25% too small for the H = 5 cm closed 
chamber to about 3% too small for the H = 30 cm closed chamber. 
The third curve-fitting procedure involves an exponential 
equation 4 derived from 2 following KirKham and Powers (1972, 
p. 435-436) 
C(x,0,t) = - (Cq-C^) exp C- • (4) 
Only vertical diffusion is considered from a soil profile into 
the chamber. is the concentration at depth L, and is 
the ambient air concentration. Again, D is the diffusion co­
efficient, and H is the chamber geometry factor. and do 
not change with time, and we assume that there are no gas 
sources or sinks within the linear profile. An iterative 
procedure is applied to the data to obtain estimates of C and 
o 
the D/L ratio. The flux per unit area at t = 0 is then 
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Table 1. N2O flux per unit area values estimated from the 
curves in Figure 1 by using linear and quadratic 
regression and exponential fitting; the steady-
state value is 0.118 x lO-^l gm-N/cm^/s 
Geometry ; Fittlnq procedure 
factor (H) Linear Quadratic Exponential 
(cm) regression regression fitting 
Flux (x 10 gm-N/cm^/s) 
5 0.054 0.091 0.105 
10 0.080 0.105 0.112 
15 0.090 0.110 0.114 
30 0.104 0.115 0.119 
For all the chambers in Figure 1, the flux values are in 
better agreement than those of either the linear or quadratic 
regression estimates. The worst case (H = 5 cm) is only 11% 
too low. When the exponential curve-fitting procedure is 
applied to preliminary water data, the D/L ratio is found to 
be 0.004 cm/s. D/L is known as the "piston velocity" in the 
stagnant film model of gas transfer across an air-water inter­
face. Typical observed values for the piston velocity for the 
sea surface are 0.003-0.005 cm/s (Broecker and Peng, 1974j 
Liss and Slater, 1974). 
Several observations appear from this study. First, the 
use of chamber techniques in flux measurements do alter the 
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environment, at least as far as the gas profile below the 
chamber is concerned. Second, the effect of closed chambers 
is dependent upon the volume-to-area ratio. Larger closed 
chambers minimize the concentration change nonlinearity, but 
detectable concentration changes require longer time periods. 
Also, larger volumes may require procedures to ensure uniform 
mixing within the chamber. Third, open chambers may yield 
more representative flux values due to less disturbance of the 
natural conditions. 
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SUMMARY AND CONCLUSIONS 
Mathematical simulations of nitrous oxide (NgO) flux 
from homogeneous soil into above-surface chambers have been 
done for both a closed type of chamber in which soil air is 
statically collected and an open type of chamber in which 
ambient air is dynamically drawn across the soil surface. 
Results indicate that chamber-measured fluxes over land sur­
faces may be subject to considerable uncertainty, due in part 
to concentration gradient changes within the soil profile that 
are a function of the type and the size of the chamber. 
Assessment of the uncertainties in chamber flux determina­
tions are reported. For reasonable parameters closed-chamber 
flux values may be underestimated by as much as 55%. Data 
analysis procedures are described that can improve the flux 
estimates. Use of open chambers may yield better flux esti­
mates than closed chambers because of less disturbance to the 
natural gas concentration profile within the soil. An appli­
cation to NgO flux measurements over water also is included. 
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PART II. CLOSED CHAMBER AND OPEN CHAMBER DETERMINATIONS 
OF RATES OF NoO EMISSION FROM FERTILIZED SOILS : 
EVIDENCE OF NgO PRODUCTION DURING NITRIFICATION 
25 
INTRODUCTION 
It has generally been assumed that release of nitrous 
oxide (NgO) from soils to the atmosphere occurs primarily 
through denitrification of nitrate under anaerobic conditions 
(Bates and Hays, 1967; Bremner, 1978; Broadbent and Clark, 
1965). However, results from recent laboratory studies 
(Yoshida and Alexander, 1970; Blackmer and Bremner, 1978a) 
strongly suggest that NgO is also released from soil during 
nitrification of ammonium under aerobic conditions. 
The primary purpose of this paper is to report results of 
research conducted in the summer of 1977 to investigate NgO 
emissions from soil plots treated with various forms of fer­
tilizer nitrogen. The study reported here developed from 
laboratory studies reported by Blackmer and Bremner (1978a) 
and provide evidence that NgO is released from soils not only 
through denitrification of fertilizer-derived nitrate but also 
through nitrification of ammonium from ammonium yielding 
fertilizers. 
This paper also reports the first comparison in which two 
types of chamber techniques were used to simultaneously assess 
rates of NgO emissions from soils. The chamber techniques 
used were similar to the closed chamber techniques developed 
by Burford and Hall (1977), Rolston and Broadbent (1977), and 
McKenney et al. (1978) and the continuous-flow open chamber 
techniques developed by SchtUtz et al. (1970), Freney et al. 
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(1978), and Ryden et al. (1978). Briefly, closed chamber 
techniques involve installation of an open-bottom chamber 
over the soil area and measuring the increase in NgO con­
centration with time to determine the rate of emission. In 
contrast to the relative simplicity of the closed chamber 
techniques, the open chamber techniques generally involve 
drawing outside (ambient) air continuously through a chamber 
that encloses a soil area and measuring the NgO enrichment in 
the air leaving the chamber to determine the rate of NgO 
emission. 
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MATERIALS AND METHODS 
Site Description 
An approximately 12 m x 4 m soil site on the Iowa State 
University Irrigation Farm near Ames was chosen as the study 
area, because of its proximity to electrical power and storage 
buildings. The alluvial soil, classed as a Huntsville silt 
loam, had a pH of 7.3. The site was tilled 1.5 months prior 
to application of fertilizer treatments and was maintained 
clear of vegetation, except for isolated patches of grass 
and small weeds. The site remained relatively dry and well-
aerated up to the day of treatment applications. 
There were 15 plots arranged within the site, as shown 
in Figure 4. Five of these plots were relatively large (3m x 
1 m) and 10 were relatively small (1 m x 1 m). Adjacent plots 
were separated by a distance of at least 0.25 m. The perimeter 
of each plot was bounded by a ridge (about 0.05 m tall) of 
soil to prevent treatment applications from mixing between 
plots. The pathways surrounding the plots allowed for easy 
access to the plots and thus helped minimize disturbance to 
the soil. 
Treatments 
Surface applications of 5 chemical treatments were given 
to the 15 plots during a 1.5 hour period on the morning of 
June 15, 1977. The 5 large plots (plots 11-15 in Figure 4) 
Figure 4. Arrangement of soil sites and locations of 
randomly assigned treatments 
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received, at random, 1 treatment and the 10 small plots (plots 
1-10 in Figure 4) received, at random, 2 replications of each 
treatment. The treatments were solutions of potassium ni­
trate (KNOg), ammonium sulfate ((NH^^gSO^), urea (COfNHgig) 
and glucose (CgH^gOg)• A fifth treatment was water taken from 
a nearby well, and served as a control treatment. The chemi­
cal solutions were prepared with the well water. The water 
was not analyzed for N content. The rate of application for 
the KNOg, and C0(NH)2 was 168 kg N/ha. The rate 
for glucose was 13 kg C/ha. Each of the 5 plots received 2.5 
cm water. All treatments were applied by means of a sprinkling 
can to insure a uniform distribution on each plot. 
Field Measurements 
Determination of rates of NgO emission (expressed as kg 
NgO-N/ha/yr) from the large plots were made using a continuous-
flow open chamber technique. Emissions from the small plots 
were made using a closed chamber technique. 
Flux measurements were usually made during the late morn­
ing to early afternoon. During the first 2-week period follow­
ing application of treatments, plots 11-15 were sampled every 
day and plots 1-10 were sampled about every other day. All 15 
plots were sampled at irregular intervals during the final 2 
weeks of the 4-week measurement period. 
Additional measurements included soil temperature (2 cm 
depth) made with a digital thermometer, and soil moisture 
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content. Soil moisture content to a depth of 8 cm "was deter­
mined on a weight basis. The sampling procedure used to 
collect soil samples is described by Shaw et al. (1959). 
Daily rainfall amounts were determined near an instrument 
shelter on the farm. The 29-day measurement period during 
June and July 1977 was characterized by temperatures above 
normal and rainfall amounts below normal. 
Open Chamber Technique 
The continuous-flow open chamber technique was based 
primarily upon the fluxometer technique (Sellers and Hodges, 
1962) used to measure evaporation or évapotranspiration from 
small plots of bare soil or short grass beneath a poly­
ethylene covered chamber. Figure 5 is a diagrammatic repre­
sentation of the open-chamber system developed to determine 
rates of NgO emission from soils. The chamber was covered 
with 6-mil polyethylene that was sealed to the metal frame­
work by means of rubber vacuum tubing wedged into metal 
troughs. The chamber was installed on the soil surface by 
pressing its sides approximately 0.5 cm into the soil. 
Loose soil was pressed against the sides to eliminate air 
space between the chamber and the soil surface. An air pump 
(not shown in Figure 5) was used to provide air flow through 
the chamber and the ambient-air sampling box. The pump had 
adequate capacity to insure constant flow through as many as 
5 chambers. Air flow rates were measured to within +10% with 
Figure 5. Diagrammatic representation of continuous-flow open chamber system 
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rotameters (Matheson Model 7260). The 1-liter glass air 
sample bottles were cylindrical shaped (about 10 cm in 
diameter), and had stopcock valves (2 mm bore) fitted on both 
ends. Heavy walled Tygon tubing was used to connect the 
various components of the system. A Plexiglas plate with 
approximately 50 small holes (0.25 cm diameter) covered the 
inlet to the chamber. 
The rate of NgO emission from the exposed soil surface 
is determined from mass continuity considerations and may be 
expressed as 
Fi = k^(Q/A3^)(C^-C^) . (6) 
Here is the flux density of NgO (kg NgO-N/ha/yr), kj^ is 
a conversion factor equal to 3.94, Q is the air volume flow 
rate (cm /s), A^^ is the soil surface area enclosed by the 
chamber (cm ), and and are the concentrations of NgO 
in air (ppb v/v) entering and leaving the chamber, respec­
tively. 
The operation of the open chamber in the field was rela­
tively straightforward. Prior to installation of the chambers 
on the soil, a 48 cm /s flow rate was established in each of 
the five chambers. The air volume within each chamber was 
swept approximately 30 times before an air sample was col­
lected. To achieve this, the chambers were on the soil at 
least 10 minutes before the air samples were collected, thus 
allowing to reach an equilibrium value. When sampling was 
completed, all chambers were removed from the plots, thereby 
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allowing the soil to be exposed to natural environmental 
conditions. 
An ambient air sample box with an inlet port identical 
to that of the open chamber was used to facilitate the collec­
tion of an air sample to determine C^. The box was connected 
to an air flow and sample collection system nearly identical 
to that of the open-chamber system. 
Determination of the N2O concentrations in the 1-liter 
air samples was made using a gas chromatograph (Tracor Model 
150 G) fitted with an ultrasonic detector. The gas chromato­
graphic procedure (Blackmer and Bremner, 1977, 1978a) permits 
use of atmospheric xenon as an internal standard. All mea­
surements of concentrations were referenced to a cylinder of 
compressed air that had a concentration of 305 ppb v/v. The 
procedure had a measured precision of +1 ppb v/v at 305 
ppb v/v in air. 
Closed Chamber Technique 
A closed chamber technique, essentially similar to 
that of Burford and Hall (1977), and McKenney et al, (1978) 
was used to measure the rate of change of N2O concentration in 
air statically contained within a cylindrical shaped chamber 
(57 cm diameter by 10 cm tall) installed on the soil surface. 
Figure 6 shows a diagrammatic representation of the basic 
components of the closed chamber system. 
The sidewall of the closed chamber and the outer cylinder 
Figure 6. Diagrammatic representation of closed-chamber 
system 
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were fabricated from 20-guage galvanized sheet metal. The 
top of the chamber was 6-mil polyethylene supported by 2-cm 
thick pressed board. The polyethylene allowed sunlight to 
enter the chamber and also allowed natural air pressure fluc­
tuations to propagate to the air within the chamber (see 
Kraner et al., 1964). The polyethylene cover was normally 
shaded with aluminum foil during full sunshine conditions in 
order to prevent excessive heat buildup within the chamber. 
The air sample port (0.3 cm diameter) was a Tygon tube 
inserted over a Nalgene plug that extended through the 
pressed board. Two vents (2 cm diameter) allowed for escape 
of air from the chamber during its installation within the 
outer cylinder. The vents were also opened during collection 
of the 10-ml air sample. The air sample was taken in an 
evacuated sample tube fitted with a stopcock valve (1 mm 
bore). The sample was collected 30 minutes following the 
installation of the chamber. An ambient air sample was also 
collected from outside the chamber about lO cm above the 
ground. 
The outer cylinders were pressed 5 cm into the soil 
approximately 1 month prior to the application of the treat­
ments. The closed chamber and the outer cylinder were sealed 
together by means of duct tape or masking tape. The closed 
chambers were always removed from the plots following the 
collection of the air samples. 
Determination of the NgO concentrations in the lO-ml air 
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samples was made in the laboratory using a gas chromatograph 
(Tracor Model 550) fitted with a ^^Ni electron capture de­
tector . Instrument parameters (e.g., column temperature and 
carrier gas flow rate) were similar to those reported by 
Rasmussen et al. (1976). 
The rate of NgO emission from the soil within the chamber 
was determined from 
= k2(V/A2)(CgQ-C^)/t . (7) 
Here is the NgO flux density (kg N20-N/ha/yr), kg is a 
conversion factor equal to 0.065, V is the volume of the 
O 
closed chamber (cm ), is the area of soil within the 
2 
chamber (cm ), and are the concentrations of NgO in 
the air (ppb v/v) within the chamber at the beginning and 
at the end, respectively, of the 30 minute interval (denoted 
as t) that the chamber is on soil surface. 
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RESULTS AND DISCUSSION 
Comparison of Chamber Techniques 
The least squares fit to the data presented in Figure 7 
demonstrates good agreement between the two chamber techniques 
used in determining rates of NgO emission from 
treated plots 6 and 11 during a 3-hour period on August 17, 
1977. The data shows the response of both techniques to a 
changing emission rate during this period. This change 
apparently was influenced, in part, by the artificial shading 
of the plots (by means of plyboard) causing reduced soil tem­
peratures. The decrease in N2O emission rate is in basic 
agreement with observations of diurnal variation of NgO flux 
reported by Bremner and Blackmer (1978b) and similar observa­
tions of NHg flux reported by McGarity and Rajaratnam (1973). 
Emission rates of N2O were determined at both sites using 
a closed chamber sealed to the soil by inserting its sidewall 
0.5 to 1.0 cm into the soil. The data obtained with and 
without an outer cylinder at site 6 shows the good agreement 
between the two means of sealing the closed chamber to the 
soil. 
It is important to note that emission rates determined 
with the lO-cm tall closed chamber may under certain condi­
tions systematically underestimate the actual rates by as 
much as 30% based upon the analysis of Matthias et al. (1978). 
However, the scatter in the data in Figure 7 indicate that 
Figure 7. Soil temperature (2 cm depth) and rates of NgO 
emission from plots 6 and 11 (see Figure 4) 
measured with an open chamber and closed 
chambers (with and without an outer cylinder, 
see Figure 6) on August 17, 1977; the simple 
correlation coefficient is denoted by r^ 
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random measurement errors are significantly more important 
than this. 
Rates of NgO Emission from Plots 
Results in Figure 8 provide evidence that more than one 
mechanism was responsible for the production of NgO in the 
soil plots. While McKenney et al. (1978) could not distinguish 
between nitrification and denitrification because their soil 
plots were treated with various levels of NH^NO^., the data 
in Figure 8 strongly indicate that N2O was produced through 
microbial denitrification of KNOg-derived nitrate and soil 
nitrate under anaerobic conditions and through nitrification 
of or CO(NH2)2~derived ammonium under aerobic 
conditions. 
Evidence for denitrification is seen in the relatively 
high rates of N2O evolved from the KNO^» *-6^12^6' control 
plots during the first one or two days following the applica­
tion of treatments. Rolston et al. (1978) reported that very 
little denitrification occurs within alluvial type loam soils 
when moisture tensions are maintained above 100 cm H2O. Be­
cause the moisture content of the soil was initially very high 
(see Figure 8) with a tension of approximately lOO cm H2O 
(see Wynne, 1976), denitrification was very likely occurring 
soon after the application of the treatments. Also, since 
denitrification capacity of surface soils is strongly corre­
lated with their content of readily decomposable organic 
Figure 8. Rates of N2O emission, soil temperature, soil 
moisture content, and rainfall amounts (values 
within parentheses) following the application of 
treatments to soil plots 
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matter (Burford and Bremner, 1975), the high initial emission 
rates from the treated plots are indicative of de-
nitrification of soil nitrate. 
The generally dry soil conditions (soil moisture tensions 
greater than 300 cm HgO) throughout most of the 29-day period 
apparently limits the likelihood of denitrification, although 
the low emission rates (1-2 kg NgO-N/ha/yr) observed over 
the KNOg, and control plots may have resulted from 
denitrification in anaerobic microsites surrounded by aerobic 
soil conditions (see Roulier and Fetter, 1973). 
The rates of NgO emission presented in Figure 8 are in 
agreement with the results of Bremner and Blackmer (1978a) 
who found that the amounts of NgO released from incubated and 
well-aerated soils treated with (NH^)2S0^ or CO(NH2)2 were 
much greater than the amounts released from soils treated with 
nitrate. They deduced from their results that nitrification 
does produce 1^20 in well-aerated soils. Because of the gen­
erally aerobic soil conditions prevalent during the 29-day 
period of measurement, it is unlikely that the persistent and 
relatively large rates of NgO emission from the (NH^)2S0^ and 
the C0(NH2)2 treated plots would have resulted from the 
mechanism of denitrification. It is more plausible to con­
clude that NgO is produced during nitrification of ammonium 
in well-aerated soils. 
Loss of N2O-N as measured with the open and closed chamber 
techniques in 29 days represented about 0.08-0.16% of the 
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total N applied in the form of and about 0.37 to 
1.18% of the total N applied in the form of C0(NH2)2« These 
percentages were determined by subtracting the total amounts 
of NgO-N lost from the control from the NgO-N lost from the 
and C0(NH2)2"treated plots and dividing these dif­
ferences by the total N applied to the plots (168 kg N/ha). 
These percentages are in good agreement with those of Bremner 
and Blackmer (1978a) who reported that loss of N from 
(NH^^2S0^ or 00(1^2)2 released from closed by well-aerated 
soil samples in the form of N2O in 30 days represented 0,04 
to 0.45% of the total N added to the soil. 
Further examination of the data in Figure 8 shows that 
the emission rates from the (NH^)2S0^ and CO(NH2)-treated 
plots between July 1 and July 13 were relatively constant 
and were about 3 kg N20-N/ha/yr greater than the rates of N2O 
emission from the control plots. Assuming this emission rate 
to be representative of N2O emission rates between April and 
November and zero emission rate during the rest of the year, 
the average annual flux due to nitrification could be on the 
order of 2 kg N20-N/ha/yr. This estimate is comparable to the 
Council for Agricultural Science and Technology (1976) esti­
mates of average annual N2O fluxes of 1.0 kg N20-N/ha/yr from 
cropped land and 0.2 kg N20-N/ha/yr from uncropped land and, 
thereby, supports the conclusions of Bremner and Blackmer 
(1978a) who suggested that loss of nitrogen due to nitrifica­
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tion, -while economically unimportant, may play an important 
role in relation to the effects of fertilizer nitrogen upon 
the ozone layer. 
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SUMMARY AND CONCLUSIONS 
Direct field measurements of rates of NgO emission from 
soils were made during a 29-day period following the applica­
tion of 168 kg N/ha to soil plots in the forms of urea, 
ammonium sulfate, and potassium nitrate and 13 kg C/ha in the 
form of glucose. The data obtained not only support evidence 
for release of NgO during denitrification of nitrate under 
anaerobic conditions but also support findings from recent 
studies that NgO is released during nitrification of ammonium 
under aerobic conditions. The results also show qualitative 
agreement between open chamber and closed chamber techniques 
for determining rates of NgO emission from soils. 
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PART III. A CHAMBER METHOD FOR MEASURING NITROUS 
OXIDE EMISSIONS FROM SOILS 
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INTRODUCTION 
Concern has been expressed that increased use of fer­
tilizer nitrogen may increase release of nitrous oxide (NgO) 
from soil to the atmosphere, triggering chemical reactions 
leading to partial destruction of the stratospheric ozone 
layer (Johnston, 1972; Crutzen, 1974, 1976; McElroy et al., 
1976; Sze and Rice, 1976; Council for Agricultural Science 
and Technology, 1976; Liu et al., 1976, 1977; McElroy et al., 
1977; Crutzen and Ehhalt, 1977; Shapley, 1977). This concern 
has stimulated research to develop methods for direct deter­
mination of rates of NgO exchange between soil and the atmos­
phere . 
NgO emissions from uniform soil areas have been found to 
be highly spatially variable (Bremner and Blackmer, 1978b). 
Because of this variability, any method developed to accurate­
ly assess NgO emissions from soil should meet the following 
criteria: 
1. It should be adaptable to a wide range of soil and 
environmental conditions likely to be encountered in 
an extensive survey of NgO emissions from diverse 
soil areas. 
2. It should not impart significant disturbance to the 
soil, the soil environment, or the environment above 
the soil. 
3. It should permit precise measurement of NgO emission 
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rates ranging from less then 0.1 to about 500 kg 
NgO-N/ha/yr. 
4. It should permit monitoring of NgO emissions with 
minimal cost in terms of man hours and investment 
in instruments and equipment. 
Several methods have been proposed for use in determining 
N^O emission rates from soil including micrometeorological, 
soil profile, and chamber methods. Because of the successful 
application of micrometeorological methods in measuring carbon 
dioxide flux (Denmead and Mcllroy, 1971) and ammonia flux 
(Denmead et al., 1976) over soil, the use of these methods in 
measuring NgO flux should be considered (Lemon, 1977 ), 
However, Matthias et al. (1979) demonstrated the limited 
sensitivity of these methods for use in assessing NgO emis­
sions from soil by showing the difficulty in measuring sig­
nificant differences in N2O concentration in air samples 
collected at various heights above the ground, especially 
during daytime meteorological conditions. 
Soil profile methods (Burford and Millington, 1968; 
Burford and Stefanson, 1973; Rolston et al., 1976) involve 
calculating the NgO flux within the soil from knowledge of the 
NgO concentrations at various depths in the soil and the NgO 
diffusion coefficient in the soil. Determination of these 
quantities under field conditions is difficult and the NgO 
flux estimates obtained have been shown to be subject to very 
large uncertainty (Burford and Stefanson, 1973). Because 
54 
special soil-atmosphere sampling equipment is required for 
use in these methods, the soil profile methods are not easily 
amenable to monitoring N2O emissions from numerous soil sites. 
A variety of chamber methods (SchGtz et al., 1970; Burford 
and Hall, 1977j Rolston and Broadbent, 1977; Freney et al., 
1978; McKenney et al., 1978; Rolston et al., 1978; Ryden et al., 
1978) have been devised for the purpose of assessing NgO flux 
from soil. All of these methods involve the placement of an 
open-bottom chamber over a soil surface to collect gases re­
leased from the soil. Typically, the sides of the chamber are 
inserted 5 to 10 cm into the soil in order to attain a good 
seal between the chamber and the soil. This necessarily re­
stricts the ease at which the chamber is installed over the 
soil, and therefore limits the number of soil sites that can 
be conveniently surveyed for determination of N2O emission 
rate. 
The purpose of this paper is to describe a chamber 
method developed at Iowa State University that successfully 
fulfills the criteria previously presented. This method in­
volves the installation of a cylindrical chamber on the soil 
surface for a short time (usually 10-20 minutes). Air samples 
removed from the chamber during its placement on the soil are 
analyzed for NgO content by gas chromatography. The rate of 
N2O emission from the soil enclosed by the chamber is then 
calculated from the rate of increase in the concentration of 
N2O in the air within the chamber. 
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The method has a significant advantage over most of the 
chamber methods previously discussed in that the chamber 
adopted is designed to be easily placed on the soil rather 
than having its sides inserted into the soil. In addition, 
the chamber adopted is relatively inexpensive, easy to 
fabricate, and easy to transport in the field. Extensive 
tests performed indicate that the method is reliable, pre­
cise, and is well-suited for use in research to accurately 
assess NgO emissions from numerous sites over extensive soil 
areas. 
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MATERIALS AND METHODS 
The Chamber Method 
The chamber adopted for use in assessment of NgO emis­
sions from soils is illustrated diagrammatically in Figure 9. 
The metal chamber is used to collect NgO released from the 
soil under study. It is fabricated from 16-gauge galvanized 
sheet metal with seams that are welded to form an air-tight 
enclosure. The metal chamber has a height of 15 cm and 91.5 
cm diameter. Its open bottom circumscribes a soil area of 
6576 cm . Two handles are bolted to the top side of the metal 
chamber and are used in transporting the chamber in the field. 
White styrofoam (2 cm thick) covers the metal chamber 
and thus minimizes changes in the temperatures of the soil and 
air within the chamber during its placement on the soil. The 
styrofoam is secured to the metal chamber by means of duct 
(insulation) tape. 
The base of the metal chamber is fitted with a foam 
collar that is used to help insure a good seal between the 
base of the chamber and the soil surface. The foam collar is 
made from a high density foam material that is completely 
covered with 6-mil polyethylene. The collar has a 5 cm thick­
ness and a 10 cm height. It is secured tightly to the outside 
of the base of the metal chamber by means of an aluminum strap 
that completely encircles the collar. GE Silicone Sealant is 
used to fill in any air space between the chamber and the 
Figure 9. Diagrammatic representation of the chamber adopted 
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collar. The collar and aluminum strap are held in place by 
6 clamps that are bolted to the metal chamber and are lo­
cated equidistant around its circumference. With the foam 
collar attached to the base, the effective height of the 
chamber is 17 cm. 
Wind-induced exchange of outside air with air inside the 
metal chamber is minimized by means of a polyethylene wind­
break that extends from the top of the chamber to the soil 
surface about 80 cm outside the chamber and is sealed to the 
soil surface by means of a metal chain. The 6-mil poly­
ethylene windbreak is secured to the chamber by means of 
nylon rope. 
A small battery operated fan is used to mix the air 
within the chamber. It is situated near the center of the 
chamber and its twin-blade plastic propeller (1 cm in width 
by 17 cm in length) is located about 7 cm distance from the 
top of the metal chamber. Each blade has a pitch angle of 
about 5-10 degrees. The small DC motor is located within the 
chamber and is operated by a 9-volt battery located in a metal 
chassis box on the top of the chamber. A potentiometer is 
used to control the speed of the fan, which can range from 0 
to about 1000 revolutions/minute (rev/min). In the field, the 
fan normally operates at about 500 rev/min. Also, in certain 
field applications in which the fan operates continuously Tor 
extended periods, a 12 volt lead acid battery can be used. 
A vent port for the chamber is located on the top of the 
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metal chamber about 20 cm from the side wall. The port is a 
0.63 cm O.D. by 5-cm long stainless steel tube extending 
through the chamber wall. It is held in place by means of a 
Swagelok fitting and is sealed shut by means of a tight 
fitting plastic cap. The vent port remains open during the 
time that an air sample is collected. 
The air sampling port is located directly in the center 
of the chamber and is used to facilitate the collection of air 
samples from within the chamber. The port is a 0.63 cm O.D. 
by 20-cm long stainless steel tube extending 3 cm into the 
air space within the chamber, A short end of Tygon tubing 
is attached to the end of the sampling tube and facilitates 
the connection of the sample bottle to the port. 
The air sample bottles have a 1-liter volume and are 
fitted with glass stopcocks (l-mm diameter bore). The plugs 
of the stopcock valves are frequently cleaned and then lubri­
cated with Dow Corning High Vacuum Grease. Prior to their 
usage in the field, each bottle is evacuated, purged with Ng, 
and re-evacuated. A rotary valve pump (Sargent-Welch 
Direct Torr Model 8810) is used to evacuate the bottles to 
less than O.Ol mm Hg. To reduce thé possibility of breakage 
of the bottles, the stopcock valve of each bottle is covered 
with a light-weight foam shroud. The bottles are transported 
back and forth between the field and the laboratory in metal 
trays, each containing 4 bottles. In normal operation the 
bottles are used in the field within 2 to 3 hours following 
61 
their preparation in the laboratory. 
The operation of the chamber in the field is relatively 
straightforward. Once the soil area is selected for deter­
mination of the emission rate of NgO, the chamber is care­
fully installed on the soil surface and a stopwatch timer is 
actuated. A rapid visual inspection is made to insure that 
the foam collar is completely sealed to the soil surface. A 
sample bottle is attached to the sampling port. The wind­
break is deployed within 30 seconds following the installation 
of the chamber on the soil. A sample of ambient air is then 
collected from outside the chamber at a height of about 15 cm 
above the soil. Air samples are collected from within the 
chamber usually in 5-minute intervals. During the actual 
sampling the stopcock valve remains open for about 1 minute.. 
The vent allows for the equalization of pressures inside and 
outside the chamber during the time the bottle is filling 
with air. Following the collection of the final air sample, 
the chamber is transported by a single technician to the next 
field site where the sampling process is repeated. When 
sampling at all sites is completed, the sample bottles are 
returned to the laboratory for gas chromatographic determina­
tion of the NgO concentration in the air contained in the 
bottles. 
The emission rate of NgO from soil is calculated by the 
relationship 
F = k (273/T)(V/A)(ôc/ôt) 
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where F is the flux density of NgO (kg NgO-N/ha/yr), k is a 
conversion factor equal to 0.0656, T is the air temperature 
within the metal chamber (°K), V is the air volume within the 
metal chamber (cm^), A is the area of soil within the metal 
chamber (cmf), and ôc/ôt is the rate of change of NgO concen­
tration in the air within the metal chamber [ppb(v/v)/min] 
and is assumed to be the slope of the regression line deter­
mined from the linear regression of N2O concentration on time. 
The Gas Chromatographic Method 
The gas chromatograph used is a Tracor Model 150G instru­
ment fitted with an ultrasonic detector and dual phase meters. 
NgO concentrations are determined by a procedure that permits 
use of atmospheric Xenon (Xe) as an internal standard (Blackmer 
and Bremner, 1977, 1978a). It involves quantitative removal 
of NgO and Xe from the air sample by Porapak Q cooled to 
-135°C and subsequent determination of these gases by a 
technique in which NgO and Xe are separated by a column of 
Porapak Q at 65°C. The procedure permits accurate detection 
of very small differences in the concentration of NgO rela­
tive to the content of Xe or relative to Ng + Og + Ar in air. 
The determined NgO concentrations, therefore, are not influ­
enced by water vapor content (Goldan et al., 1978) in the air 
sampled from the chamber. The concentrations used in the 
determination of emission rates of NgO were all calculated 
using Xe as an internal standard. All measurements of NgO 
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concentration were referenced to a cylinder of compressed air 
which had a concentration of 305 ppb(v/v)N20. The standard 
deviation on 60 replicate samples from the cylinder of com­
pressed air is + 1 ppb(v/v) at 305 ppb(v/v)N20 concentration 
in air. 
Site Description 
In-field testing of the chamber adopted was conducted at 
several soil sites within an approximately 3-ha field at the 
ISU Agronomy Research Center lO km southwest of Ames. The 
field selected for these studies has a wide range in soil 
properties that are representative of the Clarion-Nicollet-
Webster soil association used extensively for agriculture in 
the northcentral region of Iowa. The surface soil in the area 
is mainly a fine-textured loam. The field was left fallow 
throughout 1978, A small portion of the field received, as 
part of other experiments (see Bremner and Blackmer, 1978b), 
varying amounts of fertilizer N. Periodic cultivation main­
tained the field relatively free of vegetation and provided a 
well-aerated structure to the soil. The field was surrounded 
by fields of soybeans and corn, and closely mown grass. 
Meteorological and Soil Environmental Conditions 
Various meteorological and soil environmental parameters 
were determined directly in the field or from observations 
taken at a meteorological station approximately 1 km from the 
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field. Average wind speeds were determined in the field with 
a portable, counter-totalizing type, 3-cup, anemometer at a 
height of 25 cm above the soil. Daily precipitation amounts 
were obtained from observations made at the nearby weather 
station. 
Soil moisture content was determined on a weight basis 
from 6 core samples taken to the 8-cm depth by means of a 
2,5-cm I.D. Viehmeyer sampling tube. The samples were col­
lected within a 2-m radius of the chamber. They were placed 
in a moisture can, weighed, dried for 48 hours at 105°C, and 
reweighed to determine the moisture content. 
Soil and air temperatures were determined in the field 
by means of a digital thermometer (Markson Model 5750) coupled 
with vinyl-tip thermistor probes. The instrument has an 
accuracy of + 0.15°C and a 9-sec time constant (according to 
the manufacturer). Each of 8 probes used at various times in 
the field studies were cross-calibrated with a standard 
mercury thermometer. Air temperatures were measured within 
the chamber by means of a 2-m long thermistor probe extending 
through a sealable port in the foal collar. The tip of the 
probe was situated about 7 cm below the top of the metal cham­
ber near the sampling port. Air temperatures outside the 
chamber were measured with the probe tip shielded from direct 
sunlight by means of aluminum foil. Soil temperatures were 
measured at the 2-cm depth in the soil. 
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A stiitunary of ambient meteorological and soil environ­
mental conditions observed during periods of field testing 
of the chamber method adopted are presented in Table 2. 
Table 2. Siaxnmary of meteorological and soil conditions during 1978 field testing 
of the chamber method adopted 
Soil 24-hour 
Time of T emceraturë (°C) 
moisture 
content 
rainfall 
amounts 
Wind 
speed 
Date^ day Vegetation Soil Air (%(-w/w) ) (mm) (m/s) 
June 26 1900-2400 None 28-18 30-17 24.7-22.7 0 1.2 
June 27 0000-2400 None 37-17 33-18 24.0-16.0 0 1.3 
June 28 0000-2400 None 33-16 31-18 35.0-22.0 25 1.1 
June 29 0000-1000 None 24-17 25-16 30.0-29.0 0 1.2 
July 8 1000 None 22 23 NDb 12 1.7 
July 10 0900 None 19 21 ND 56 0.7 
Aug 4 1550 None 21 23 12.7 0 0.9 
Aug 9 1530 None 29 35 20.0 0 1.3 
Aug 18 1430 None 24 25 20.8 2 1.4 
Aug 19 0930 None 19 20 21.2 0 1.2 
Aug 19 1030 None 20 23 19.8 0 1.8 
Aug 19 1200 None 23 24 16.0 0 1.7 
Aug 22 1500 None 27 34 30.6 25 1.0 
Aug 23 1500 None 28 36 24.7 0 1.4 
Aug 24 1400 None 27 35 24.3 0 1.0 
Aug 24 1430 None 28 35 24.3 0 1.2 
Aug 28 1440 None 22 25 28.1 36 2.0 
Aug 28 1520 None 23 25 27.5 0 2.0 
Aug 29 1600 None 23 24 30.6 0 2.1 
Aug 29 1100 Short grass 24 25 ND 0 ND 
Sept 6 1430 None 30 32 20.0 0 1.7 
Sept 15 1500 None 27 28 37.2 75 1.5 
Sept 26 1530 None 26 25 25.2 0 2.5 
Oct 24 1400 Short grass 15 21 ND 0 0.6 
^ean wind speed, the ranges in soil and air temperatures, and the range in 
soil moisture content are given for the time intervals on June 26-June 29, 1978. 
^ND = not determined. 
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RESULTS 
Extensive laboratory and field testing was performed to 
insure that rates of N^O emission determined with the chamber 
method adopted were real and were not due to an experimental 
artefact created by the presence of the chamber on the soil. 
The testing primarily involved studies to assess (1) the 
suitability of the materials used in the fabrication of the 
chamber, (2) the effects of artificial air mixing and air 
pressure fluctuations within the chamber upon the rate of 
NgO emission, (3) the integrity of the method of sealing the 
chamber to the soil surface, and (4) the precision of the 
chamber method adopted in determining the rate of NgO emis­
sion from soil. 
Suitability of Chamber Materials 
To determine if loss of NgO occurred on the walls of 
the metal chamber or upon polyethylene, the base of the metal 
chamber was sealed, by means of duct tape, to a sheet of 6-mil 
polyethylene placed on the laboratory floor. NgO was injected, 
by means of a syringe, into the chamber, resulting in an 
initial NgO concentration in the air within the chamber of 
about 500 ppb(v/v), This initial concentration was about 
200 ppb(v/v) above ambient. Air samples were collected from 
the chamber at lO-minute intervals during the following 1 
hour period for determination of the rate of change in the 
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NgO concentration. Subsequent gas chromatography analysis 
showed that no detectable change in NgO concentration occurred 
•within the chamber due to physical adsorption or chemical re­
actions on the chamber vails. 
A metal chamber, an insulated metal chamber, and an 
all-Plexiglas chamber were used in studies to determine the 
effects of these chambers upon soil temperature (2-cm depth) 
and air temperature (10-cm height). The Plexiglas chamber 
was fabricated from 0.95-cm thick plexiglas and had overall 
dimensions identical to those of the metal chamber (91.5 cm 
diameter by 15 cm height). Long-term (several days) effects 
were studied during June 26 to June 29, 1978 on a bare soil 
surface under predominantly clear sky conditions. Short-term 
(<1 hour) effects upon the temperatures were investigated on 
a short-grass surface under clear sky conditions between 1400 
and 1500 on October 24, 1978. Influences on soil and air tem­
peratures were calculated by subtracting the temperatures mea­
sured outside the chamber at the 2-cm depth in the soil and 
10 cm above the soil from the temperatures observed simul­
taneously at the same height and depth within the chamber. 
The long-term influences upon air temperatures in the 
three chambers are shown in Figure 10. Likewise, long-term 
influences upon soil temperatures in the three chambers are 
presented in Figure 11. These results show that long periods 
of placement on the soil significantly perturb soil and air 
temperatures within all three chambers. 
Figure 10, Long-term perturbation in air temperature (temperature inside chamber 
minus temperature outside chamber) at the 10 cm height above the 
soil within a metal chamber, an insulated metal chamber and a 
Plexiglas chamber sitting on a bare soil surface under predominantly 
clear skies 
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Figure 11. Long-term perturbation in soil temperature (temperature inside chamber 
minus temperature outside chamber) at the 2 cm depth in the soil within 
a metal chamber, an insulated metal chamber, and a Plexiglas chamber 
sitting on a bare soil surface under predominantly clear skies 
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Figure 12 shows that during short-term placement on the 
soil the insulated metal chamber has only minimal effect upon 
the soil temperature (<3°C) and an even less effect upon the 
air temperature (<0.5°C). In contrast to the insulated metal 
chamber, both the uninsulated metal chamber and the Plexiglas 
chamber caused significant changes in the air temperatures. 
These results show that soil temperatures are affected only, 
slightly by chambers placed on the soil for periods of 30 
minutes or less but air temperatures may be increased by as 
much as 30°C for uninsulated chambers. 
Fan and Air Pressure Fluctuation Effects 
The influence of the fan was investigated in the field 
on July 8, 1978. In this experiment, three chambers were 
used to determine the effect of fan speed upon NgO emission 
rate from soil. The fan speeds in the 3 chambers were zero, 
500, and lOOO rev/min. The experiment was replicated 15 
times on a total of 45, randomly selected, adjacent soil 
sites. Results obtained showed no statistical difference in 
the average NgO emission rates determined with the 3 chambers. 
Another study involving the use of the fan was performed 
September 6, 1978 at 3 adjacent soil sites. Four determina­
tions of NgO emission rate were made at each site in 45-
minute intervals during a 3-hour period. Each determination 
lasted 15 minutes. The first and the third determinations 
made at each site were made with the fan operating at 500 
Figure 12. Short-term perturbation in air and soil temperatures (temperature in­
side chamber minus temperature outside chamber) at the 10 cm height 
above the soil and at the 2 cm depth in the soil, respectively, 
within a metal chamber, an insulated metal chamber, and a Plexiglas 
chamber following the simultaneous placement of each on a short-grass 
surface under clear skies 
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rev/min. The second and the fourth determinations at each 
site were made with the fan turned off. Table 3 clearly 
shows that no statistical difference could be detected between 
NgO emission rates measured with the fan operating and NgO 
emission rates measured with the fan turned off. 
Table 3. Effect of artificial mixing of the air within the 
chamber adopted upon the rate of N2O emission from 
3 different soil sites 
Soil site 
NgO emission rate (kg NgO-N/ha/yr)^ 
Chamber air 
mixed 
Chamber air 
not mixed 
1 9.2 9.1 
2 6.5 6.9 
3 7.9 7.0 
Mean 7.8* 7.7 
S.D. ±1.3 ±1.2 
^Each value is an average of 2 determinations made at 
each site within a 1.5 hour period. 
•The mean values do not differ significantly at the 5% 
level. 
To study the effect of sampling height above the soil 
upon the determined value of the NgO emission rate from soil, 
a special cylindrical metal chamber (50 cm tall by 44 cm 
diameter) was constructed and fitted with Tygon tubing 
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(0.31 cm I.D.). This facilitated the collection of air 
samples at 10, 30, and 45 cm above the soil within the 
chamber. The chamber was designed so that it could be 
sealed to the soil surface by simply pressing its sides 
approximately 1-2 cm into the soil. The chamber was fitted 
with an electric fan (identical to fans used in the chamber 
adopted) located approximately lO cm above the soil surface. 
Measurements of N2O emission rate were made at 4 different, 
but adjacent, soil sites. The chamber air was mixed at 2 of 
the sites, whereas the air was not mixed at the other 2 sites. 
At each height within the chamber, the NgO emission rate was 
determined from the measured rate of change of NgO concentra­
tion during the 20 minutes the chamber was over a soil site. 
Results of this study are presented in Table 4, and show no 
significant effect of sampling height and no significant ef­
fect of the fan upon the measured NgO rate of emission. These 
results are in agreement with McKenney et al. (1978) who could 
detect no effect of sampling height within a 15-20 cm tall 
chamber nor an effect of stirring the air within the chamber 
upon the measured rate of NgO emission from soil. 
A metal chamber (as shown in Figure 10) was sealed to the 
laboratory floor to determine the magnitude of the air pres­
sure change within the chamber caused by opening an evacuated 
sample bottle attached to the sample part. In these tests, a 
special 1.6-cm diameter opening in the top of the metal chamber 
was used to accommodate a 1.5-cm (O.D.) Tygon tube connected 
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Table 4. Effect of sampling height above the soil upon the 
measured N2O emission rates at 4 different soil 
sites, with and without mixing of chamber air 
Sampling 
height 
above the 
soil (cm) 
NgO emission rate (kg NgO-N/ha/yr) 
Chamber air mixed Chamber air not mixed 
Site 1 Site 2 Site 3 Site 4 
10 13.2 15.3 24.8 26.7 
30 11.7 14.4 26.0 27.0 
45 10.8 14.7 27.2 28.7 
Mean 11.9 14.8 26.0 27.5 
S.D. ±1.2(10) ^ +0.5(3) ±1.2(5) ±1.1(4) 
^In all cases, values within parentheses are 1 standard 
deviation expressed as a percentage of the mean. 
to a water manometer. The vent port remained open while 
several 1-liter air samples were collected and observations 
made of the corresponding air pressure change in the chamber. 
The pressure changes observed were all less than 1.5 mm HgO 
and lasted less than 10 seconds. 
Field tests were performed July 10, 1978 on a bare soil 
area (20 m by 20 m) to determine the effects of artificially 
induced air pressure fluctuations within the chamber upon the 
rate of NgO emission from the soil. Pressure fluctuations in 
2 of 3 chambers adopted were manually induced by means of 0,1-
and 0.4-liter aspirator bulbs attached to the sampling ports 
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of the chambers. A third chamber had no bulb attached. The 
magnitudes of the fluctuations were measured with a HgO 
manometer attached at the vent port. The frequency of air 
pressure fluctuation was about 3 per minute (0.05 cycle/s) 
and the amplitude ranged from about 0.25 to 0,50 mm HgO. 
During the measurements, the vent port on each chamber was 
closed except during the collection of the air samples that 
were taken in 5 minute intervals for a period of 20 minutes. 
The experiment was replicated 6 times and a total of 18 
emission rate determinations were made. Results obtained 
from this limited field study indicate that the artificially 
induced air pressure fluctuations within the chamber, though 
certainly not simulating the complete spectrum of natural air 
pressure fluctuations observed at the soil surface (Kimball 
and Lemon, 1970), did not cause a significant change in 
the measured rate of NgO emission from the fine-textured soils 
at the Agronomy Farm. 
The effectiveness of the foam collar in preventing leak­
age of N2O from the metal chamber was studied in a series of 
laboratory tests. For these tests, a special circular trough 
was fabricated in which a variety of soil materials such as 
sod, Harpster surface soil, moist coarse sand, and dry coarse 
sand could be placed. The trough had an inside diameter of 
86 cm and outside diameter of 96 cm. Its sides were con­
structed from 5-cm wide strips of 22-gauge galvanized sheet 
metal, which were bolted to a 2-cm thick plyboard base. The 
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seams of the trough were sealed with GE Silicone Sealant and 
the trough itself was taped to a sheet of 6-mil polyethylene 
placed on the laboratory floor. In each test, the chamber 
adopted without windbreak was placed on the soil material 
contained in the trough. A syringe injection of NgO was made, 
which provided enough NgO to result in an initial concentra­
tion in the air within the chamber of about 450 ppb(v/v). 
The electric fan within the chamber operated at about 500 
rev/min. Air samples collected from the chamber at intervals 
were analyzed for N2O content. In several of the tests 
performed, an external electric fan was used to induce air 
flow over the chamber in order to simulate high winds that 
often occur in the field. Figure 13 shows the effect of the 
external fan upon the NgO concentration in the air within the 
chamber adopted resting upon moist coarse sand in the trough. 
The results shown are typical for each of the soil materials 
used in this study and, therefore, indicate a need for pro­
viding a windbreak to help prevent leakage of NgO from the 
chamber adopted. 
Figure 14 shows the N2O concentration in air within the 
chamber adopted with windbreak and the NgO concentration in 
air within the chamber adopted without windbreak measured 
simultaneously at 2 adjacent soil sites on August 18, 1978. 
The monotonie increase in NgO concentration with time in the 
chamber adopted contrasts markedly with the highly nonlinear 
buildup in concentration that occurred in the chamber without 
Figure 13. Effectiveness of foam collar in restricting N-O 
leakage from chambers without windbreaks 
placed on moist coarse sand, with and without 
an external fan inducing air flow over the 
chambers 
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Figure 14. NgO concentration in air within a chamber adopted 
with windbreak and NgO concentration in air with­
in a chamber adopted without windbreak measured 
simultaneously at 2 adjacent soil sites 
84 
500 
CHAMBER WITH 
WINDBREAK \ 
i 400 
8 CHAMBER WITHOUT WINDBREAK o 
CM 
as 
300 
TIME (min) 
85 
windbreak. This clearly demonstrates the necessity of the 
windbreak for use with chambers that are placed on the soil 
surface rather than inserted into the soil. 
To determine if changes occurring in the NgO concentra­
tion in the air within the windbreak influence the rate of 
change in NgO concentration in the air within the chamber 
adopted, two field tests were performed August 4, 1978 in 
which samples were simultaneously collected from the air 
within the windbreak and from the air within the chamber. 
Collection of air samples from within the windbreak was made 
through a small opening in the windbreak, which was located 
midway between the metal chamber and the chain. The opening 
was kept closed, by means of a strip of duct tape, except 
during the collection of the air samples. 
Evidence is presented in Figures 15 and 16 that shows the 
buildup in NgO concentration in the air within the windbreak 
does not influence the rate of change in NgO concentration in 
the metal chamber. Figure 15 shows that the buildup in NgO 
concentration in the metal chamber is not affected by the 
changes occurring in the concentration in the windbreak when 
the concentration in the windbreak is at all times less than 
or equal to the concentration in the metal chamber. Likewise, 
Figure 16 shows that relatively higher NgO concentrations in 
the windbreak do not affect the linearity of concentration 
increase in the metal chamber. 
Figure 15. Effect of time variation in N2O concentration in air within the wind­
break upon the N2O concentration in air within the metal chamber when 
the concentration in the windbreak is at all times nearly equal to or 
less than the concentration in the metal chamber 
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Figure 16. Effect of time variation in the N2O concentration in air within the 
windbreak upon the N2O concentration in air within the metal chamber 
when the concentration in the windbreak is at all times nearly equal 
to or greater than the concentration in the metal chamber 
2100 
1800 
1500 
1200 
o CD 
O CNI 
900 
600 
300 
AIR WITHIN WINDBREAK^ 
AIR WITHIN CHAMBER 
0 10 20 30 40 50 
TIME (min) 
00 
60 ^ m % 
90 
To compare different means of sealing a chamber to the 
soil surface, an extensive field study was conducted at the 
Agronomy Farm during the period between August 18 and August 
28, 1978. A randomized complete block design (see Steel and 
Torrie, 1960) was used in the study to compare emission rates 
of NgO determined with 5 different chambers at randomly se­
lected soil sites. These 5 chambers were: (l) a chamber 
adopted, (2) a chamber adopted without windbreak, (3) a metal 
chamber (91.5-cm diameter by 17-cm height) designed to be 
placed on the soil surface and sealed to the surface with 
loose soil pressed against its sides, (4) a metal chamber 
(91.5-cm diameter by 20-cm height) with knife edge-sides 
designed to be inserted 3 cm into the soil, and (5) a metal 
chamber (91.5-cm diameter by 28-cm height) with knife-edge 
sides designed to be inserted 8 to 11 cm into the soil. All 
chambers were identically covered with 2-cm thick white Styro-
foam insulation, and each had identical air sample ports. 
Both of the metal chambers designed to be inserted into the 
soil had a 2-cm diameter vent port on the upper wall which re­
mained open while the chamber was inserted into the soil. 
This allowed for the escape of air from the chamber during 
chamber installation. After the chamber was installed, the 
vent port was closed by means of a rubber stopper. 
A total of 11 sets (blocks) of measurements were made 
under a variety of soil and environmental conditions (see 
Table 2). Each set of measurements was made in a soil area 
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that appeared to be uniform. Air samples were collected from 
each chamber in 5-minute intervals for up to 20 minutes. The 
NgO emission rates determined with the chamber adopted are 
on the average equivalent to those determined with chambers 
inserted 3 cm, and 8 to 11 cm in the soil (Table 5). These 
results show that under a wide variety of environmental con­
ditions encountered during the measurements there was good 
agreement in emission rates measured with the chamber adopted 
and the chambers inserted in the soil. This indicates that 
the combination of the foam collar and windbreak provide a 
good and easily attainable seal between the chamber and the 
soil surface. Also, the results in Table 5 show that the 
emission rates of NgO measured with the chamber adopted 
without windbreak and those measured with the metal knife-
edge chamber sitting on the soil surface, sealed with loose 
soil, were on the average lower than the emission rates mea­
sured with the other 3 chambers. The most probable explana­
tion for this is that an inadequate seal generally existed 
between the chamber and the soil, thus allowing for leakage 
of NgO out of the chambers. 
A study was performed September 15, 1978 at the 
Agronomy Farm to assess the effects of disturbance of the 
soil area within the chamber adopted upon the rate of NgO 
emission from that soil area. In this study, 18 bare soil 
sites were sampled with 2 chambers. The soil had a rela­
tively high moisture content of 37.2% (w/w) resulting from a 
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Table 5. Comparison of N2O emission rates measured simul­
taneously with 5 different chambers on randomly 
selected bare soil sites between August 18 and 
August 28, 1978 
N2O emission rate 
(kg N20^N/ha/yr) 
Method used to effect a seal r 
between chamber and soil^ Mean S.D. 
Metal knife-edge pressed 3 cm into soil 11.5a ±16.2 
The chamber adopted 9.8ab ±13.6 
Metal knife-edge pressed 8 to 11 
cm into soil 9.4ab ±10.4 
Metal knife-edge sitting on soil surface, 
sealed with loose soil 4.7bc ± 4.8 
The chamber adopted (without windbreak) 3.3c ±4.1 
All 3 metal knife-edge chambers were similar to the 
chamber adopted except for the manner of sealing to the soil. 
Each chamber had a diameter of 91.5 cm and an approximate 
effective height of 17 cm when installed on the soil surface. 
^Values represent mean of 11 replications. Values not 
followed by the same letter are significantly different at 
the 5% level (Duncan's new multiple-range test). 
75-mm rainfall (see Table 2), The sites were chosen at 
random, and the two measurements per replication were made 
on soil areas separated by about 2.5 m. Disturbance to 9 
soil sites was caused by pressing a knife-edge, 20-gauge, 
galvanized sheet-metal ring (56r-cm diameter by lO-cm height) 
about 3 cm into the soil immediately prior to the placement 
of the chamber on the soil area. The ring remained in place 
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during the 15 minutes the chamber was on the soil. Results 
in Table 6 indicate that artificial disruption of moist soil 
prior to the placement of the chamber adopted on the soil 
results in increased release of NgO from the soil. 
Table 6. Effect of soil disturbance upon N2O emission rate 
from moist soil 
Replication^ 
N2O emission rate (kg N20-N/ha/^r ) 
With soil 
disturbance 
Without soil 
disturbance 
1 30.9 24.9 
2 30.9 14.9 
3 
00 H
 
H
 3.5 
4 18.9 14.5 
5 8.5 4.6 
6 30.9 15.3 
7 20.7 14.4 
8 8.9 21.0 
9 25.3 5.5 
Mean 20.8* 13.2 
S.D. ±9.4 ±7.4 
^Simultaneous determination of NgO emission rate of 2 
adjacent soil sites per replication. 
57 cm diameter by lO cm metal knife-edge ring pressed 
into the soil immediately prior to the placement of the 
chamber adopted over soil area. 
*The mean N2O emission rate with soil disturbance is 
significantly larger than the mean N2O emission rate without 
soil disturbance at the 5% level. 
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Precision of Chamber Method 
Recent studies by Rolston and Broadbent (1977), Rolston 
et al. (1978), Focht (1978), and Matthias et al. (1978) have 
indicated that the buildup in N2O concentration in a chamber 
placed on the soil surface will slow the diffusion of N2O 
from the soil to the atmosphere within the chamber. However, 
Figure 17 presents representative examples of NgO concentra­
tion in the chamber adopted versus time obtained at 4 differ­
ent soil sites on August 9, August 23, and August 29, 1978. 
The high correlation coefficient values (r = 0.99-1.00) are 
indicative of the linearity in concentration increase. These 
examples are consistent with the results of the numerical 
analysis of Matthias et al. (1978) who found minimal effect 
upon the rate of N2O diffusion from idealized homogeneous 
soil into relatively tall cylindrical chambers placed on the 
soil surface. Also, the NgO fluxes, calculated from the linear 
regression of NgO concentration on time, and shown in Figure 
17, are comparable in magnitude to those reported in other 
chamber studies (see Ryden et al., 1978; McKenney et al., 
1978; Freney et al., 1978) and soil profile studies (see 
Burford and Stefanson, 1973; Rolston et al., 1976). There­
fore, the flux values obtained using the chamber method 
adopted seem reasonable. 
The precision of the chamber method adopted was investi­
gated on September 6, 1978. In this study, 2 replicate 
Figure 17, Representative examples of N^O concentration in 
the chamber adopted versus time, and the cal­
culated flux values and correlation coefficients 
(r2) 
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determinations of the emission rate of NgO from each of sev­
eral soil sites were made. The 15-minute determinations at a 
soil site were spaced by about 1 hour. The high precision 
attainable with the method is evident from the results shown 
in Table 7. The low standard deviation (10% of the mean) in 
the NgO emission rate determinations within a 45-minute in­
terval at each of 10 soil sites is remarkably good considering 
that part of the variation undoubtedly resulted from natural 
diurnal variability in the NgO emission rates (see Bremner 
and Blackmer, 1978b). 
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Table 7. An estimate of the precision of the chamber method 
adopted, determined from comparisons of 2 determina­
tions of N2O emission rate at each of 10 soil sites 
Replication 
NgO emission rate 
(kg N20-N/ha/yr) 
De termination^ 
1 2 Ratio 1:2 
1 14.7 14.3 1.03 
2 38.1 42.3 0.90 
3 22.2 20.8 1.07 
4 16.9 18.6 0.91 
5 5.2 4.9 1.06 
6 13.3 13.4 0.99 
7 7.0 6.0 1.17 
8 7.3 8.5 0.86 
9 8.4 9.7 0.87 
10 .6.1 5.7 1.07 
Mean 0.99 
S.D. ±0.10(10)^ 
^Determination 1 preceded determination 2 at a soil 
site by about 1 hour. 
^Value in parentheses is 1 standard deviation expressed 
as a percentage of the mean ratio. 
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DISCUSSION 
There are several advantages to the materials used in 
the fabrication of the chamber adopted» One advantage is 
that the NgO concentration in air within the chamber is 
unaltered by galvanized sheet metal and polyethylene surfaces. 
Thus, there is no need to line the chamber walls with an in­
ert material such as Mylar polyester film, which has been 
used to provide a lining in chambers used for determining 
nitric oxide fluxes (Galbally and Roy, 1978) and ozone fluxes 
(Aldaz, 1969; Regener and Aldaz, 1969) over soils. Another 
advantage is that galvanized sheet metal is easily formed and 
welded to make an air-tight chamber. In addition, the metal 
is durable and will withstand continued use in the field for 
extended periods. The metal chamber is, therefore, not sub­
ject to possible puncture or breakage that is associated with 
chambers fabricated primarily from polyethylene film (see 
Sij et al., 1972; Kanemasu et al., 1974) or plastic (see 
Witkamp, 1966, 1969; Chaney et al,, 1978; Kraner et al., 1964). 
The materials used in the chamber adopted are relatively 
lightweight, and therefore allow the chamber to be easily 
transported in the field by a single technician. 
Numerous studies have provided conclusive evidence that 
NgO is produced in soils through denitrification of nitrate 
under anaerobic conditions. Furthermore, recent evidence has 
been reported that indicates NgO is also produced in soils 
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during nitrification of ammonium under aerobic conditions 
(see Yoshida and Alexander, 1970; Bremner and Blackmer, 
1978a). Because of the temperature dependence of these 
microbial processes (see Alexander, 1961), it is apparent 
that the chamber adopted should be fabricated from materials 
that insure minimum changes in the soil temperature during 
the period of measurement. Also, changes in soil and air 
temperatures should be minimized because of the temperature 
dependence of the gaseous diffusion process (see Lai et al., 
1976) affecting N2O release from soils. 
Results presented in Figures 10 and 11 show that under 
full sunlight conditions chambers constructed from Plexiglas 
or uninsulated metal or insulated metal cause excessive per­
turbations in the soil and air temperatures when the chambers 
remain on the soil for long periods. However, in contrast to 
the results shown in Figures lO and 11, the results in Figure 
12 show that only minimal changes in temperature occur within 
the insulated chamber when the chamber remains on the soil 
for brief periods. These results clearly indicate the 
necessity for insulating the chamber adopted as well as 
leaving it installed on the soil for only brief periods. 
Recent studies (see Farrell et al., 1966j Scotter and 
Raats, 1968; Kimball and Lemon, 1971, 1972; Kimball, 1973) 
indicate that air pressure fluctuations due to turbulent air 
movement over the soil may have an important effect on 
gaseous mass flow in the soil, particularly at shallow soil 
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depths and in surface materials with large pores such as 
mulches. However, Kimball and Lemon (1971) found the impor­
tance of air pressure fluctuations in inducing air movement 
within fine-textured soils to be small. The findings of 
Kimball and Lemon (1971) are in good agreement with results 
from the present study which indicates that air pressure 
fluctuations, caused by manually depressing an aspirator bulb 
attached to the chamber or by the operation of the electric 
fan within the chamber, do not influence the NgO emission rates 
from the fine-textured soils at the Agronomy Farm. These re­
sults also indicate that the small air pressure decrease 
within the chamber during collection of air samples very 
likely does not induce N2O flow out of the soil. 
The combination of foam collar and windbreak provide a 
good seal between the chamber and the soil surface with a 
minimum of disturbance to the soil. This combination allows 
the chamber to be easily placed on the surface rather than 
be inserted into the soil, which clearly is an advantage be­
cause results shown in Table 6 indicate that disruption of 
moist soil during chamber installation should be avoided. 
Increases in the release of NgO caused by disruption of moist 
soil are in agreement with Pearson et al. (1965) who observed 
increased variability in the measured values of radon 222 
fluxes when sealing a soil-gas collection to the soil sur­
face by pressing its knife-edge sides into the soil. They 
attributed the increased variability in flux to the leakage 
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of relatively high radon 222 concentrations in soil gases 
released through slots cut into the soil by the knife-edges. 
The chamber method adopted permits detection of rates of 
NgO emission that are less than 0.1 kg NgO-N/ha/yr. The 
estimate of the minimum detection limit is based upon a de­
tectable 1 ppb(v/v) change in the N2O concentration in the 
air within the chamber per 10 minutes in field operation. 
This detection limit is approximately one order of magnitude 
lower than those for previous chamber methods reported by 
Ryden et al. (1978), and Burford and Hall (1977), and thereby 
represents a significant improvement in the methodology to 
measure relatively low emissions of NgO from soil. 
The method adopted fulfills an obvious need for rapid 
determination of rates of NgO emissions, which may be highly 
variable within relatively small soil areas. It is a suitable 
method for studies in which the use of more permanent chamber 
installations is not feasible, especially in assessing NgO 
emissions from extensive soil areas. Its simplicity in design 
and fabrication, high precision, and ease of transport and 
installation combine to make the method highly suitable for 
use in extensive survey and monitoring of NgO emissions from 
both fertilized and unfertilized soil areas. 
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SUMMARY AND CONCLUSIONS 
A method for determination of NgO emission rates from 
soil is described that is adaptable to a wide range of soil 
and environmental conditions. It involves the placement of a 
cylindrical chamber on the soil surface in which soil-
released gases are collected during a brief time period, 
usually lasting 15-20 minutes. Air samples removed from the 
chamber are analyzed for NgO by gas chromatography, and the 
rate of NgO emission is calculated from the rate of increase 
in the concentration of NgO in the air within the chamber. A 
foam collar at the base of the chamber insures a good seal to 
the surface with minimum disturbance to the soil. The method 
has the advantage that it permits extensive and precise 
monitoring of NgO emission rates ranging from less than 0.1 
to about 500 kg N20-N/ha/yr) with minimum cost in terms of 
man hours and investment in equipment. 
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PART IV. DIURNAL VARIABILITY IN THE CONCENTRATION 
OF NITROUS OKIDE IN SURFACE AIR 
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INTRODUCTION 
Recent studies of diurnal variability in the concentra­
tion of NgO in surface air by Brice et al. (1977), Cicerone 
et al. (1978) and Pierotti et al. (1978) have given divergent 
results and resulted in different conclusions concerning the 
effect of soil on the atmospheric concentration of NgO. 
Brice et al. (1977) detected a regular and substantial di­
urnal variation in the concentration of NgO in air 5 m above 
ground level, with the minimum and maximum concentrations 
occurring in the early morning and early evening hours, re­
spectively. They deduced from the magnitude and pattern of 
these variations that their observations pointed to the exis­
tence of a major ground surface sink for atmospheric N2O, 
Cicerone et al. (1978) detected "marginally significant" 
diurnal variations in the concentration of NgO in air 0.5 m 
above ground level, but they found that the maximum NgO con­
centrations occurred during early morning hours and deduced 
that this resulted from soil acting as a source of atmospheric 
N2O. Pierotti et al. (1978) were unable to detect significant 
diurnal variations in the concentration of NgO in air samples 
collected at an unspecified height and site in northwestern 
USA and suggested that at least part of the variation ob­
served by Brice et al. (1977) was an experimental artefact 
created by diurnal variations in ambient temperature affecting 
the sensitivity of the electron capture detector used by 
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these workers for gas chromatographic determination of NgO. 
They also suggested that the variations detected by Cicerone 
et al. (1978) could be attributed to the limited number of air 
samples analyzed by these workers. They concluded that, al­
though their work did not prove that soils do not act as a 
source or sink for atmospheric NgO or that the tropospheric 
concentration of N2O does not show a diurnal variation under 
some conditions, their results made it clear that no such 
variations occurred over northwestern USA during the summer 
of 1976. 
We report here studies showing that significant diurnal 
variations in the concentration of NgO in surface air often 
occur in Iowa and that the magnitude of these variations de­
creases with increasing height above ground level. In con­
trast to the variations reported by Brice et al. (1977), the 
variations observed in our work indicated that the ground 
surface in the areas studied was a source of atmospheric NgO. 
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EXPERIMENTAL 
Two sites in central Iowa were selected for studies of 
diurnal variability in the concentration of NgO in surface 
air. One was in an area of intensive corn and soybean produc­
tion 10 km southwest of Ames (site l). The other was adjacent 
to the Agronomy Building on the Iowa State University campus 
(site 2). 
To study variability in the concentration of NgO in air 
at site 1, we erected a 6.0 m mast in a cornfield and fitted 
it with 0.32 cm O.P. copper tubes that permitted collection of 
air samples at 18 heights ranging from 0.015 to 6.0 m above 
ground level. At selected times, samples of air were collected 
at each height by attaching an evacuated 1-liter bottle fitted 
with a glass stopcock to each copper tube and by opening the 
stopcocks on these bottles. Immediately before sampling» the 
copper tube at each height was purged with air at that height. 
To study the variability in the concentration of NgO at 
site 2, we collected air samples at a height of 8.5 m above 
a lawn adjacent to the Agronomy Building via a 0.32 cm O.D, 
copper tube projecting about 2 m from the window of the lab­
oratory in this building that contained the gas chromatograph 
used for determination of NgO. This tube was connected to the 
gas sampling system on the gas chromatograph, and air was 
drawn through this system at a rate of approximately 60 ml 
per minute. 
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The concentration of NgO in air samples was determined 
by a gas chromatographic procedure that permits use of the 
xenon (Xe) in air as an internal standard (Blackmer and 
Bremner, 1977, 1978a). This procedure involves quantitative 
removal of N2O and Xe from the air sample by Porapak Q cooled 
to -135°C and subsequent determination of these gases by a 
gas chromatographic technique in which NgO and Xe are 
separated by a column of Porapak Q at 65°C and determined by 
an ultrasonic detector. It permits accurate measurement of 
very small changes in the concentration of NgO in air rela­
tive to the concentration of Xe or of #2 + Og + Ar, and it is 
not subject to the water vapor problem noted by Goldan et al. 
(1978). All NgO concentrations reported were calculated using 
atmospheric Xe as an internal standard. Almost identical 
values were obtained when NgO concentrations were calculated 
relative to Ng + Og + Ar. A cylinder of compressed air con­
taining 305 ppb(v/v) NgO was used to include a reference air 
sample in each series of analyses. The standard deviation 
of the mean of the NgO concentration values obtained in 60 
analyses of air from this cylinder was ± 1 ppb(v/v). 
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RESULTS AND DISCUSSION 
Studies at site 1 showed that significant diurnal varia­
bility could be detected inthe concentration of NgO in surface 
air and that this variability decreased with increasing height 
above ground level. This is illustrated by Figure 18, which 
shows the concentration of NgO in air samples collected at 
different heights above ground level at various times on 
June 30, 1978. It is noteworthy that, in contrast to the work 
of Brice et al. (1977), our studies showed that the concentra­
tion of NgO in air 5.0 m above ground level was highest dur­
ing early morning hours and lowest during daylight hours. 
Studies at site 1 showed that the concentration of NgO 
in air samples collected during early morning hours usually 
decreased significantly with height above ground levelo This 
is illustrated by Figure 19, which shows the mean concentra­
tion of NgO in air samples collected at 0200 on 20 days dur­
ing July and August 1978. During the same period we were 
unable to detect significant differences in the concentration 
of NgO in air samples collected at different heights above 
ground level during daylight hours. 
Studies at site 1 showed that the concentration of N2O 
in air near the ground during early morning hours was some­
times much greater than the concentration observed in most 
recent studies of the atmospheric concentration of N^O [300-
330 ppb(v/v)]. This is illustrated by Figure 20, which shows 
Figure 18. Concentration of N2O in air samples collected at different heights 
above soil at site 1 at 0000, 0400, 0800, 1400, and 2000 on June 30, 
1978 
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Figure 19. Mean concentration of NgO in air samples col­
lected at different heights above soil at site 1 
at 0200 on 20 days during July and August 1978 
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Figure 20. Concentration of N2O in air samples collected 
at different heights above soil at site 1 at 
0130 on June 28, 1978 
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that the concentration of N^O in air samples collected be­
tween 0.015 and 2.0 m above ground level at 0130 on June 28, 
1978 ranged from 436 to 565 ppb(v/v). It is evident, there­
fore, that, when studies of the concentration of NgO are re­
ported, the height at which air samples were collected should 
be specified. 
Studies at sites 1 and 2 showed that diurnal variability 
in the concentration of NgO in air can frequently be detected 
even when air samples are collected at 6.0 or 8.5 m above 
ground level. This is illustrated by Figure 21, which shows 
the results of N2O analysis of air samples collected 8.5 m 
above ground level at site 2 on 9 days during 1977 and 1978. 
The diurnal variability in the concentration of NgO in air 
8.5 m above ground level at site 2 during June, July and 
August 1978 was similar in pattern and magnitude to the vari­
ability observed during the same times in air 6.0 m above 
ground level at site 1. At both sites, the highest concen­
trations of NgO were observed during early morning hours. If 
the reasoning of Brice et al. (1977) is followed, this indi­
cates that soil at both sites was a source of NgO. 
Micrometeorological techniques have proved useful for 
assessment of CO^ and NH^ emissions from soils (see Verma 
and Rosenberg, 1975; Denmead et al., 1976), and they clearly 
merit consideration for assessment of N2O fluxes between soils 
and the atmosphere. To utilize micrometeorological techniques 
for measurement of NgO fluxes, it is necessary to be able to 
Figure 21. Diurnal variability in the concentration of N2O 
in air 8.5 meters above soil at site 2 on 9 days 
during 1977 and 1978; each concentration re­
ported is the average value from 20 analyses 
performed during a 2-hour interval; vertical 
bars represent +. 1 standard deviation 
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detect significant differences in the concentration of N2O 
in air samples collected at different heights above soil. 
The work reported here shows that it is possible to detect 
such differences and that they occur most frequently in the 
early morning hours. However, studies at site 1 showed 
that significant differences could not be detected on sev­
eral days during July and August 1978 when substantial 
emissions of N2O from soil at this site could readily be de­
tected by a chamber method of measuring NgO emissions from 
soils (Bremner and Blackmer, 1978b). In other words, our 
work indicates that the ability to detect significant differ­
ences in the concentration of N2O in air samples collected at 
different heights above soil is more dependent on meteorologi­
cal conditions than on the amount of N^O being evolved from 
the area under study and that, for this reason, micro-
meteorological techniques have limited value for assessment 
of N2O fluxes between soils and the atmosphere. 
Blackmer and Bremner (1978b) pointed out that the esti­
mate by Brice et al. (1977) of the magnitude of their postu­
lated ground surface sink for atmospheric N2O exceeded cur­
rent estimates of sources of atmospheric N2O and that, al­
though it has been demonstrated that soil can act as a sink 
for atmospheric N2O under some conditions (Blackmer and 
Bremner, 1976; Cicerone et al., 1978), there is very little 
doubt that soil usually acts as a source of this gas. 
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This conclusion is supported by the work reported here, 
which indicates that soil in the areas studied was a source 
of atmospheric NgO. 
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SUMMARY AND CONCLUSIONS 
Significant diurnal variations in the concentration of 
nitrous oxide (NgO) in surface air were detected by analysis 
of air samples collected at two sites in Iowa. The varia­
tions observed decreased with increasing height above ground 
level and indicated that soil in the areas studies was a 
source of atmospheric N^O. They differed markedly from the 
variations detected in recent work leading to postulation of 
the existence of a major ground surface sink for atmospheric 
NgO. 
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GENERAL SUMMARY AND CONCLUSIONS 
Recent research by atmospheric scientists indicate that 
increased usage of nitrogen fertilizers may increase emissions 
of NgO from soil to the atmosphere, and thereby lead to 
partial destruction of the stratospheric ozone layer protect­
ing life on earth from hazardous solar ultraviolet radiation. 
Because of the vital information to be gained from measurement 
of NgO emission from the earth's surface, the objective of 
this dissertation research was to develop methodology suitable 
for use in direct determination of NgO emission from soil. 
Several conclusions can be drawn from the results of this 
research. First, through proper design and selection of 
materials, chambers placed over the soil surface can be made 
to incur only minimal disturbance to the air and soil environ­
ment, and to NgO concentrations within the soil atmosphere. 
Second, NgO emission rates from soil measured with continu­
ous-flow open chamber and closed chamber methods are in rea­
sonably good agreement. Third, precise determination of NgO 
emission rates can be made with chambers that are placed on 
the soil surface rather than inserted in the soil. Fourth, 
diurnal variations of NgO concentration in surface air in 
Iowa indicate soil to be a source of atmospheric NgO. Fifth, 
NgO is produced in soil during nitrification of ammonium under 
aerobic conditions as well as during denitrification of 
nitrate under anaerobic conditions. 
123 
It is recommended that additional studies be made of 
the effects of chambers upon the soil and its environment. 
Measurements of temperature gradients within soils enclosed 
by chambers for brief periods of time should be made in soils 
with a wide range in specific heats, densities, and thermal 
conductivities. Tests should be devised to quantify the ef­
fects of soil and air temperature perturbations, due to the 
presence of a chamber on the soil surface, upon NgO produc­
tion and transfer from the soil to the atmosphere within the 
chamber. Tests should be devised to assess the influence 
of air turbulence upon NgO transfer between soils, with a 
wide range in texture, and the atmosphere. Studies should 
also be performed to evaluate the influencé of artificially 
induced air flow through open chambers upon the rate of NgO 
emission from soil. 
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